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Erosion, sediment production and routing on a tectonically active
continental margin reﬂect both tectonic and climatic processes;
partitioning the relative importance of these processes remains
controversial. Gulf of Alaska contains a preserved sedimentary
record of Yakutat Terrane collision with North America. Because
tectonic convergence in the coastal St. Elias orogen has been
roughly constant for 6 Myr, variations in its eroded sediments
preserved in the offshore Surveyor Fan constrain a budget of
tectonic material inﬂux, erosion, and sediment output. Seismically
imaged sediment volumes calibrated with chronologies derived
from Integrated Ocean Drilling Program boreholes shows that
erosion accelerated in response to Northern Hemisphere glacial
intensiﬁcation (2.7 Ma) and that the 900-km long Surveyor Chan-
nel inception appears to correlate with this event. However, tec-
tonic inﬂux exceeded integrated sediment efﬂux over the interval
2.8-1.2 Ma. Volumetric erosion accelerated following the onset
of quasi-periodic (100-kyr) glacial cycles in the mid-Pleistocene
climate transition (1.2-0.7 Ma). Since then erosion and transport
of material out of the orogen has outpaced tectonic inﬂux by
50-80%. Such a rapid net mass loss explains apparent increases
in exhumation rates inferred onshore from exposure dates and
mapped out-of-sequence fault patterns. The 1.2 Myr mass budget
imbalance must relax back toward equilibrium in balance with
tectonic inﬂux over the time scale of orogenic wedge response
(Myrs). The St. Elias Range provides a key example of how active
orogenic systems respond to transient mass ﬂuxes, and the possi-
ble inﬂuence of climate driven erosive processes that diverge from
equilibrium on the million-year scale.
tectonic-climate interactions j orogenesis j Mid-Pleistocene transition j
mass ﬂux j ocean drilling
Introduction
Orogenesis reflects the balance of crustal material entering a
mountain belt to undergo shortening and uplift versus material
leaving the orogen through exhumation, erosion and sediment
transport1-5. Perturbations in the influx/efflux from the orogen
are expected to result in predictable changes in deformation
within the orogen as it attempts to reestablish equilibrium3. The
long-term sink for sediment transported out of mountain belts
is often in the deep sea, particularly in large submarine fans
where sediments accumulate at anomalously high rates (>10
cm/kyr) compared to deep-sea pelagic sedimentation6-8. Even
Signiﬁcance
In coastal Alaska and the St. Elias orogen, over the past 1.2
million years mass ﬂux leaving the mountains due to glacial
erosion exceeds the plate tectonic input. This ﬁnding under-
scores the power of climate in driving erosion rates, potential
feedback mechanisms linking climate, erosion, and tectonics,
and the complex nature of climate-tectonic coupling in tran-
sient responses toward longer-term dynamic equilibration of
landscapes with ever-changing environments.
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Fig. 1. A) Gulf of Alaska study area with Last Glacial
Maximum glacial extent (light blue46), limit of exhum-
ing St. Elias orogen (dashed green), glacial ﬂow paths
(blue arrows; dashed where presumed secondary con-
tribution), and glacially fed deep-sea Surveyor Chan-
nel system (black dashed). Yakutat Terrane shaded
in tan with deformation front of the Yakutat-North
American plate boundary as eastern thrust fault and
boundary with Paciﬁc Plate as southern strike-slip
faults. Brown vectors markmass inﬂux to orogen from
Yakutat Terrane and portion of eroded sediments on
Paciﬁc Plate that are subducted/accreted at the Aleu-
tian Trench. Seismic traverse in (B) is shown in green
and IODP Exp. 341 drillsites in yellow. B)Multichannel
seismic transect through Site U1417 where base of
seismic Sequence III (correlated to theMPT) is in green
and base of seismic Sequence II (correlated to the PPT)
is in light blue. Note the Surveyor Channel, a conduit
for sediment transport from the shelf to the deep
sea, which appears to become active near the PPT,
thus dominating sediment depositional processes for
all of Sequences II and III (since2.6 Ma). Seismic sub-
sequence subdivision also shown for Sequence I (pre-
PPT). Depth of recovery at Site U1417 (thick green line)
near 6.4 sec TWTT.
Fig. 2. Representative topography through the
IODP Expedition 341 drill sites (see Fig. 1 for lo-
cation), and the principle lithologies at each site
along with chronologies and accumulation rates in
cm/kyr. Depths are in meters of core composite
depth below the seaﬂoor (CCSF-B) that approximates
the drilled interval. B/M= Brunhes/Matuyama. G/M=
Gauss/Matuyama. Vertical exaggeration 18x.
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Fig. 3. Sediment thickness converted to sediment
accumulation rates (m/Ma) for Sequence II (A) and
Sequence III (B) within the Surveyor Fan. Mapping
only included portion of Surveyor Fan that correlates
with the St. Elias orogen based on the mapped Sur-
veyor Channel system. Average sequence thicknesses
converted from two-way-travel time isopach maps
(Fig. S1, S2) over the mapped region were used for
sediment volume calculations and then converted to
sediment accumulation rates as shown here using
U1417 and U1418 chronologies (Fig. S3, S4).
Fig. 4. Sedimentation rates at Sites U1417 binned at 0.4 Myr, respectively.
Dashed error bars are 1-sigma based on Monte-Carlo simulations (see Meth-
ods). Note drop in rates after initial increase following the culmination of
the iNHG (2.6 Ma) but sustained high rates since the MPT (1.2 Ma).
Global δ18O curve (LR04) is shown in pink with a smoothed version (200,
500 kyr window) shown in red to highlight continual cooling throughout
this interval. Yellow triangles show paleomagnetic constraints and blue
diamonds show biostratigraphic constraints with age ranges.
higher sedimentation rates (>100 cm/kyr) proximal to glacially
eroded regions 9-14 implies that wet-based glaciers are extremely
efficient agents of erosion. Observations and modeling have ar-
gued that erosion rates can influence tectonic processes15-19, but
the timescales of adjustment, and the role of landscape disequi-
librium, remain unclear. For example, exceptionally high local
sedimentation rates (100-1000 cm/kyr) recorded on the century
time scale13 have been suggested to reflect an unsustainable,
short-term erosion perturbation due to the Little Ice Age 20.
Time-varying sediment accumulation rates at individual sites
have been interpreted to reflect an allogenic control on sediment
production, especially related to a fundamental climate-induced
change in terrestrial sediment production in the Pleistocene21-22.
An alternate explanation is that autogenic sediment dispersal
processes and/or subsequent erosion of accumulated strata can
result in an apparent decrease in sediment accumulation rates
with increasing age (the so-called “Sadler Effect”, first described
by Moore and Heath 197723), especially as the averaging time
increases and in environments where accommodation limits ac-
cumulation (e.g., floodplains, continental shelves)24-25. Testing
between the allogenic and autogenic viewpoints requires spatially
continuous sedimentation data to address potential sampling
bias.
Southeastern Alaska represents a key location to constrain
such sampling biases and to examine the interactions among
climate, erosion, and orogenesis. Tectonic forcing creating the
St. Elias Mountains is a product of low-angle subduction of the
Yakutat Terrane (Fig. 1A); convergence has been essentially con-
stant since a reorganization of neighboring Pacific Plate motion
6 Ma17,26-27. Glacial influence is thought to have increased with
intensification of Northern Hemisphere glaciations at the Plio-
Pleistocene transition (PPT)28 and perhaps further increased with
the transition to 100 kyr cycles at themiddle Pleistocene transition
(MPT) 29-30. Sediments eroded from the orogen that are deposited
on the continental shelf either lie within the orogen if within
the Pamplona Zone fold and thrust belt16, or may re-enter the
orogen with the subducting Yakutat Terrane (Fig. 1A). Sediments
that bypass the shelf to be deposited on the deep-sea Surveyor
Fan or within the adjacent Aleutian Trench are permanently
removed from the orogen as these sediments will travel with the
Pacific Plate westward to be eventually accreted or subducted
along the Aleutian system (Fig. 1A)31. In 2013, Integrated Ocean
Drilling Program (IODP) Expedition 341 drilled a transect of
sites (U1417-U1421; Figs. 1, 2) across the Surveyor Fan in the
Gulf of Alaska and Bering-Malaspina slope and shelf offshore
of the St. Elias Mountains to examine the sedimentary record of
unroofing during a cooling global climatewith increasing intensity
of glaciations.
Results and Discussion
The Surveyor Fan covers >300,000 sq. km31, the western 2/3
of which is sourced from the St. Elias Mtns. Distal fan Site
U1417 reveals that the fan has been active since at least Miocene
time; preglacial fan sediments, referred to as Sequence I, were
recovered by drilling and are imaged and mapped by seismic
reflection data (Figs. 1B, 2). The first occurrence of gravel-sized
debris (>2 mm grain size) is now well dated and documents the
onset of ice-rafted deposition just prior to the Gauss-Matuyama
paleomagnetic reversal 300 m below the sea floor (2.581 Ma)
(Fig. S3, S4). This onset of ice rafting is consistent with recent
terrestrial cosmogenic-nuclide dating of the earliest apparent
Cordilleran Ice Sheet (2.64 Ma +0.4/-0.36 Ma32) and is inferred to
reflect the regional response to intensification of NorthernHemi-
sphere glaciation (iNHG)28. This depth/age within the cored
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interval lies a few meters above the base of geophysically mapped
Sequence II which is assigned an age of 2.8 Ma (Fig. 1B, 3A, S1,
see methods) and is comprised primarily of overbank deposits
from the Surveyor Channel. The Surveyor Channel system has
not avulsed since its initiation31 and appears to have formed at
about the same time as the first occurrence of tidewater glaciation
and the associated change in sedimentary system based on the
mapping of the Sequence I/II boundary from Channel to Site
U1417 (Fig. 1B).
Overlying Sequence II, Sequence III (also comprised of over-
bank strata from the Surveyor and related channels, but with
different seismic reflection character) (Fig. 1B, 3B, S2) thickens
significantly towards the orogen31. At distal Site U1417 the Se-
quence III/II boundary lies just below the 1.2Ma onset of themid-
Pleistocene transition (MPT)29-30 whereas at the proximal fan Site
U1418 the reflector ties to the upper Jaramillo paleomagnetic
reversal (0.99 Ma) within the MPT (Fig. 2, S3, S4). Sequence
II/III boundary is conservatively assigned an age 1.2 Ma. At
Site U1417, the post-upper Jaramillo average sedimentation rate
is 129 m/Ma; at Site U1418, it is 813 m/Ma, a six-fold increase
towards the orogen (Fig. 2). Sediment thicknesses and approxi-
mated sedimentation rates from seismic reflection isopachs sup-
port these rates as representative of large-scale spatial patterns,
and not local anomalies (Fig. 3B, S2; Table S1).
These results demonstrate elevated glacigenic sediment ac-
cumulation in the Gulf of Alaska in the middle-Late Pleistocene
thatmay be evenmore pronounced on the continental shelf/slope.
On the slope, Sites U1419 (drilled to 177 m) and U1421 (drilled
to 702 m), and at shelf Site U1420 (drilled to 1020 m), sediments
were all of normal paleomagnetic polarity and the Brunhes-
Matuyama paleomagnetic reversal was not encountered, indicat-
ing depositional ages <0.78 Ma (Fig. 2). Biostratigraphic data
from U1421 show these sediments to be < 0.3 Ma. Benthic
foraminiferal δ18O analyses at U1419 indicate the sediments re-
covered at that site to be<0.06Ma (Fig. S5). Thus, sustained Late
Pleistocene sedimentation rates on the slope average 200-300
cm/kyr, and on the shelf averages>100 cm/kyr (Fig. 2), consistent
with shoreward thickening of seismic units mapped throughout
the region. These remarkably high long-term accumulation rates
determined for the first time with an independent age-calibrated
offshore depositional record, are similar to rates within the last
century in Alaskan waters13,20, suggesting that the recent rates are
not local aberrations but are sustained features of the St Elias -
Gulf of Alaska erosion-deposition system.
Mapping the seismic reflector at the base of Sequence II
(2.8 Ma, early in the PPT) and the reflector between Sequences
II and III (1.2 Ma, early in the MPT) throughout the Surveyor
Fan provides a minimum estimate for the total sediment yield
over these time intervals. This use of a sediment volume to
examine the integrated sediment efflux from the St. Elias Moun-
tains allows us to avoid complications associated with potential
local bias33 since we have integrated all of the unsubducted
sediments in the system and are not dependent on sedimenta-
tion rates at discrete locations to examine flux through time.
The sediment volumes here are minimum estimates due to the
possibility that some sediment is lost to the system, but we have
estimated the volume of subducted sediments at the Aleutian
Trench based on MOREVEL2010 trench-normal Pacific Plate
velocity of 48 mm/yr (Fig. 1A) and the cross-sectional area of
sediments of Sequence III and II currently subducting/accreting.
The sediment volumes in the portion of the Surveyor Fan sourced
from the Bering-Bagley and the Seward-Malaspina-Hubbard-
Alsek drainages via the Surveyor Channel, are 29800 +/- 6700
km3 for Sequence II and 66700 +/- 13900 km3 for Sequence III
with additional Aleutian Trench subducting/accretion volumes
estimated at 9800 +/- 400 for Sequence II and 41900 +/- 13000
for Sequence III (Fig. 3, S1, and S2 and Table S1, see methods).
In support of a glacigenic influence on fan volume, preglacial
sedimentation rates at Site U1417 (averaged over 0.4 Ma in-
tervals to avoid shorter-term transient effects25; Fig. 4) of 30-
70 m/Ma from 5.2-2.8 Ma rose to peak values of 120 + 20
m/Ma between 2.4-2.0 Ma following the expansion of northern-
hemisphere glaciation near the Plio-Pleistocene boundary. Al-
though glaciation continued, at Site U1417 sedimentation rates
relaxed back to60 m/Ma from 1.6-1.2Ma, implying an apparent
reduction of regional glacial erosion. This inference assumes
that Site U1417 is representative of sediment dispersal to the
fan by the Surveyor Channel, which is supported by comparison
with Early-mid Pleistocene sedimentation rates modeled from
regional seismic isopachs (Fig. 3A, S1, S2). Sedimentation rates
at Sites U1417 increase starting at 1.2 Ma to peak at 140
m/Ma by 0.8 Ma, coincident with the onset of 100-kyr glacial
cycles (Fig. 4). Such a resurgence of rapid sedimentation with the
MPT ice expansion is expected, however sustained high sediment
yields through the Late Pleistocene is not predicted based on an
isostacy-only uplift response3,34.
Observed sedimentation rates from the Expedition 341 sites
(Fig. 2) and from sedimentation rates modeled from seismic
isopachs (Fig. 3B) in the distal Surveyor Fan over 1.2 Myr are
comparable to those of the Bengal Fan, where a similar increase
in sedimentation is observed in the middle to Late Pleistocene6-8.
Sites proximal to the Yakutat margin record some of the highest
sedimentation rates ever recorded in the deep-sea; for example
on the Bering-Malaspina slope, rates recorded for the last few
glacial cycles are a factor of two larger than the glacially fed
sedimentary deposit filling the south-central Chile Trench, pre-
viously the highest reported sedimentation rates observed over
these timescales14.
To place the MPT increase in Gulf of Alaska sediment yield
into an orogenic framework, we calculate the tectonic influx of
material into the St. Elias Range (Table S2, see methods) using
the length of the deformation front of the Pamplona Zone16, the
GPS-determined Yakutat-Southeast Alaska block convergence
rate (37 mm/yr)35 (Fig. 1A), and the thickness of sediments above
the Yakutat décollement based on seismic data36. We estimate
that36800 +/- 8800 km3 and31800 +/- 7500 km3 of glacimarine
sediments entered the orogen from 2.8-1.2 Ma and 1.2-0 Ma,
respectively (Table S2). Using our mapped Sequence II and III
sediment volumes including the estimating subducted/accreted
volumes and correcting for porosity (see methods), we determine
a total erosional efflux of 20500 +/- 4900 km3 for 2.8-1.2 Ma
and 56,400 +/- 13600 km3 for 1.2-0 Ma (Table S2). The early
Pleistocene influx exceeded efflux by 16300 +/- 10100 km3 i.e.,
at a greater than 95% confidence level there was a net positive
mass flux in the orogen. In contrast, since the onset of the MPT
efflux has exceeded influx by 24600 +/- 15,600 km3 (a 50%
net negative mass balance at a greater than 90% confidence
level) (Table S2, see methods) producing the marked change in
sediment volumes in the Surveyor Fan (Fig. 3, S1, and S2).
Implications
If the St. Elias orogen behaves as a critical-taper wedge, then
given enough time the sustained net efflux after the MPT should
result in structural responses. However, predicted dynamic equi-
librium timescales in models that seek a steady-state solution 3,19
are > 3Myr. The glaciated critical wedge model15,19 predicts that
if sufficient glacial erosion occurs to result in net efflux then the
active orogen would narrow and seek to maintain critical taper
through internal deformation (e.g., out-of-sequence thrusting).
Sandbox modeling further suggests that focused erosion within
one portion of a critical wedge can result in a sequence of fault
duplexes that focus rock uplift37, where these structures may be
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an expression of internal deformation due to erosion-reduced
taper. Onshore data including low-temperature thermochronol-
ogy and structural mapping within the fold and thrust belt have
been interpreted to display accelerated exhumation since the
mid-Pleistocene15 and structural response to focused erosion17.
Merging these onshore observations and our offshore determined
switch to net efflux for the last 1.2 Ma, we suggest that the MPT
has caused a perturbation in the tectonic-erosion balance of the
St. Elias orogen and that transient structural readjustment is
observable on timescales much shorter than those required to
reach steady state.
These results suggest that the longer and more intense 100
kyr glacial cycles since the MPT (relative to the shorter 40 kyr
period pre-MPT glacial cycles) increased the integrated ice cover
and erosion within the region of high relief originally created
by tectonics. Our drilling-derived, calibrated history of sediment
accumulation preserved within the proximal and distal Surveyor
Fan documents a pattern of exceptionally high accumulation rates
since the MPT, ranging from 130 cm/kyr (shelf) to 81 cm/kyr
(proximal fan) to 13 cm/kyr (distal fan) (Fig. 2); even higher rates
are observed on the proximal slope (Fig. 2, S5). We find that
highmodern rates of glacimarine sedimentation, which have been
previously attributed to a short-term transient response to Little
Ice Age glacial dynamics38, were sustained on average (although
likely in even more rapid pulses associated with glacial cycles)
since the onset of the MPT. At these timescales isostatic re-
sponses can be considered instantaneous due to the low viscosity
mantle within this active orogen setting.We assume that the topo-
graphically controlled drainage basin area did not greatly increase
across the MPT, suggesting several testable controls that could be
the key to this post-MPT effect: 1) increased volume of ice driving
an increase in instantaneous erosion rate, 2) increased duration
of glaciations driving an increased integrated eroded volume, 3)
larger area of glaciated topography, driving an increase in net
erosional efflux, and/or 4) an accelerated mechanism to remove
sediment previously stored within the orogen. The St. Elias oro-
gen since the MPT likely represents an end-member example of
rapid climate-driven erosion combined with efficient removal of
sediment entirely out of the orogen by glacial advances reaching
the shelf edge; this resulted in an orogen-scale mass imbalance
that persists for at least 1 Myr. Thus an active, glaciated, coastal
mountain belt may contrast with settings such as the Himalaya
where climate has been reported to have lesser influences on
orogenic development39-40. The continued existence of relief de-
spite the 1.2 Ma of net efflux likely reflects internal deformation
maintaining critical taper. Our results underscore the importance
of a high-fidelity time-series approach and regionally mapped
sediment volumes with dense seismic coverage to understand the
dynamic interplay of tectonics and erosion.
Methods
Calculation of mass accumulation rates based on the composite depth scales
(known as Core Composite depth below Sea Floor, CCSF-A) correct for ex-
pansion of the sediment column artifact during of the coring process41. This
corrected composite depth scale (CCSF-B) compresses the composite depth
scales to the same total thickness of the drilled interval41. Minimum andmax-
imum shipboard age models are based on all available paleomagnetic and
biostratigraphic age datums (Figs. S3 and S4). The age models at Sites U1417,
U1418, and U1419 were constructed in the composite depth scales, and are
also provided in the CCSF-B depth scale. Uncertainties in the identiﬁcation
of the paleomagnetic age datums were arbitrarily set to ±10 m CCSF-A due
to incomplete recovery and core quality. Uncertainty in the biostratigraphic
datums reﬂects the limited shipboard sampling intervals (mostly conﬁned
to core-catcher samples separated by 9.5 m), and the presence of barren
zones. Outlier biostratigraphic datums were excluded. At Site U1418, all
identiﬁed paleomagnetic datums (Brunhes/Matuyama boundary, top and
base of the Jaramillo) were observed in Hole U1418F and included in the
shipboard minimum and maximum age models. Of the biostratigraphic
constraints, the youngest observed datum (last occurrence of the radiolarian
Lychnocanoma sakaii, 0.03 + 0.03Ma- Fig. S3) was inconsistent betweenHoles
(91.7-101.5 m in Site U1418A, 125.6-131.0 m in U1418C, and 75.0-85.5 m
in Holes U1418D and E); we used the shallowest occurrence of this datum
in U1418D. An additional age constraint is provided by an interval of low
magnetic susceptibility observed in Holes U1418A, C, D, and E between 180.5
and 185.5 m CCSF-A, which is assumed to record the last interglacial event
(Marine Isotope Stage 5e, between 0.11 and 0.13 Ma). This datum aligns
well with other age constraints at Site U1418. The age model for Site U1419
was based on correlation of gamma density and magnetic susceptibility to
adjacent site-survey core EW0408-85JC dated by radiocarbon42, and based
on correlation of benthic foraminiferal data from shipboard core-catcher
samples to the LR04 reference record28. Oxygen isotopic data from Site
U1419 and core EW0408-85JC are illustrated in Figure S5.
Minimum and maximum age models (Fig. S4) were calculated based
on Bayesian interpolation and full uncertainty propagation using the Bacon
method43 for Site U1417. Sedimentation rates (Fig. 4) were calculated in ﬁxed
time increments of 0.4 Ma to include multiple 100-kyr cycles and uncertain-
ties were calculated assuming the Bayesian agemodels spanned +1 sigma un-
certainties. At the interpolated age points, minimum and maximum depths
were calculated in 500 Monte-Carlo simulations of Gaussian white noise,
which created 500 realizations of sedimentation rate between each set of
age brackets. These simulations were used to calculate 1-sigma uncertainties
on each increment’s sedimentation rate. The use of ﬁxed age increments for
calculation of sedimentation rates and uncertainties mitigates one possible
bias of the so-called Sadler Effect, in which longer time-increments may have
lower apparent sedimentation rates.
Wemapped seismic reﬂectors to determine sediment volumes, and ages
for the reﬂectors were established by correlation with lithostratigraphy,
physical properties, and down-hole well log data at the drill sites (File SF-1).
Mapping thus deﬁned a 1.2–0 Ma sequence (III) and a 2.8–1.2 Ma sequence
(II) (Figs. 3, S1, S2; File SF-1), spanning depositional regions sourced from
the Surveyor Channel31, deposits downslope of the Bering glacial trough,
and within the Aleutian Trench (Fig. 1A). Travel-time calculations made with
Landmark Decision Space were converted to sediment volumes using a core-
and down-hole established p-wave velocity of 1720 m/s, which is an average
of velocities from Sequences II and III at sites U1417 and U1418 (Table S1; File
SF-1). We include an estimate for the sediment subducted along the Aleutian
Trench using a trapezoidal approximation for thickness of Sequences III and
II currently being subducted past the Aleutian Trench deformation front
(average of three along-trench transects of sediment thickness) multiplied
by the average trench-normal MOREVEL2010 rate of regional Paciﬁc Plate
subduction (Table S1; File SF-1). The summation of fan volume and subducted
sediment is a minimum estimate of total eroded sediment volume from
the St. Elias orogen; volume uncertainties include those of velocity, vertical
seismic resolution, subduction amount, and subduction rate (Table S1; File
SF-1). Shelf sediments are excluded from efﬂux calculations, as they may be
recycled into the orogen. The budget does not account for sediment lost
from the deposystem, for example by long-distance ice rafted transport, or
eolian transport.
Erosional efﬂux is determined using the subducted and fan sediment
volumes corrected for porosity using an Expedition 341 derived average
porosity of 0.4841. For tectonic inﬂux, two cases for décollement depth
were used based on the maximum imaged depth of faulting in seismic
reﬂection data16,27 and correlated to a low-velocity zone in a jointly inverted
tomographic velocity model36. Values in Table S2 are based on the shallower
décollement depth but both options are included in Supplementary File SF-
1. The GPS-derived shortening estimate is modeled with a southeast Alaska
block that has relative motion with North America, and thus only shortening
within the orogen is included35. Sediment stored on the shelf seaward of the
deformation front is not included in the efﬂux, but is included in the inﬂux
where above the shelf décollement. Porosity for the inﬂux is set at 0.27 based
on sidewall cores from industry well OCS Y-0211 within the undeformed part
of the shelf44. The efﬂux-inﬂux difference is then reported to discuss orogen
mass balance (Table S2, Figure S7, File SF-1).
All uncertainties reported are done using a square root of the sum of
the squares method (Tables S1, S2, S3; File SF-1). Uncertainty estimates for
volume, erosion rates, efﬂux and inﬂux were calculated based on published
uncertainty or values established from data (File SF-1). Uncertainty in Sur-
veyor Fan area is calculated as the perimeter of the fan multiplied by the
average distance (15 km) between seismic reﬂection proﬁles. Uncertainty
in seismic resolution represent ¼ wavelength of the dominant frequency.
Subducted cross sectional area uncertainty is 26% of the thickness range
in three trench-parallel transects plus 5% due to non-St. Elias inputs (Fig.
1A). The uncertainty in amount of plate subducted is from MOREVEL2010.
Uncertainty in p-wave sound velocity and fan porosity is from Exp. 341 data.
For inﬂux parameters, collision length uncertainty is due to uncertainty in the
exact terminations of the Pamplona Zone associated with the Fairweather
Fault to the northeast and the Transition Fault to the southwest (Fig. 1A).
Uncertainty in the collision rate is from published GPS measurements35. Shelf
porosity uncertainty is from published values from industry well OCS Y-
021144. Uncertainty in the inﬂux thickness was set at 0.25 km (Table S2) with
an additional case for a décollement of 1 km deeper also examined (File SF-
1). Despite these uncertainties there is a 90% probability in the difference
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in the efﬂux-inﬂux between Sequence III and Sequence II (Table S2; S4, File
SF-1).
Additional uncertainty analyses were performed using 104 (fan volume)
and 106 (efﬂux-inﬂux) Monte Carlo simulations of Gaussian white noise
supplied with the standard deviation of all inﬂux-efﬂux values. Mean values
of parameters and associated uncertainty used in the simulations with cor-
responding data sources are noted the supplementary Python code text ﬁles
(File SF-2). Matlab-formatted MAT ﬁles of Sequence II and II TWT isopachs
are provided as supplementary ﬁles for use with Python code (File SF-3). The
Monte Carlo modeling was also adapted for sensitivity testing, where the
value of each parameter was varied to span from 50-150%of themean value,
leaving all the other values set to their mean value and then the net change
in ﬂux value was calculated. Based on the sensitivity tests, for inﬂux-efﬂux
Seq III results are most affected by fan porosity whereas for Seq. II results
are most affected by the depth to the décollement. The effect of depth to
the décollement on mass balance using the Monte Carlo tests are shown in
Table S4, Fig. S7 and File SF-1. The sign of the ﬂux is also affected by length
of deformation front and porosity on the shelf and by volume and cross-
sectional area of subducting/accreting sediments in the fan.
For completeness, determination of sediment yield based erosion rates
are included (Table S3)45. Equivalent erosion rates are shown; however, the
validity of these values depends on establishing the glacial erosion area
through time, which has yet to be established for this margin. An estimate of
this area for the Last Glacial Maximum is based on assumingmaximumglacial
erosion only for the areas of high relief between 100-1300 m elevation or 25-
70% of total LGM drainage (the range limit of the equilibrium line altitude
at modern and glacial maxima46,47) (Fig. S6).
1. Roe, G. H., Stolar, D. B., Willett, S. D. (2006) Response of a steady-state critical wedge
orogen to changes in climate and tectonic forcing. Geol Soc Am Spec Pap 398: 227-239.
2. Koons, P. O. (1990) Two-sided orogen: Collision and erosion from the sandbox to the
Southern Alps, New Zealand. Geology 18: 679–682.
3. Whipple, K. (2009) The influence of climate on the tectonic evolution of mountain belts.
Nature Geosci. 2: 97–104.
4. Willett, S. D. (1999) Orogeny and orography; the effects of erosion on the structure of
mountain belts. J. Geophys. Res 104: 28957–28982.
5. Beaumont, C., Jamieson, R. A., Nguyen,M.H., Lee, B. (2001)Himalayan tectonics explained
by extrusion of a low-viscosity crustal channel coupled to focused surface denudation.Nature
414: 738-742.
6. Bouquillon, A., France-Lanord, C., Michard, A., Tiercelin, J.-J. (1990) in Proceedings of the
Ocean Drilling Program, Scientific Results, Vol. 116, eds Cochran, J. R., Stow, D.A.V. (Ocean
Drilling Program), pp 43-58.
7. France-Lanord C., Derry L., and Michard A. (1993) in Himalayan Tectonics, Geol Soc Lond
Spec Pubs Vol. 74, eds Treloar. P.J., Searle, M. (Geological Society of London), pp. 603-621.
8. Schwenk, T., Spieß, V. (2009) in External Controls on Deep-Water Depositional Systems: SEPM
Special Publication 92, eds Kneller, B., Martinsen, O.J., McCaffrey, B. (SEPM), p. 107–131.
9. Vautravers, M.J., Hodell, D.A., Channell, J.E.T., Hillenbrand, C.-D., Hall, M., Smith, J.,
Larter, R.D. (2013) in Antarctic Palaeoenvironments and Earth-Surface Processes. Geological
Society, London, Special Publications, 381, eds Hambrey, M. J., Barker, P. F., Barrett, P.
J., Bowman, V., Davies, B., Smellie, J. L. Tranter, M. (Geological Society of London),
http://dx.doi.org/10.1144/SP381.12.
10. Koppes, M., Hallet, B., Rignot, E., Mouginot, J., Wellner, J.S., and Boldt, K., 2015, Observed
latitudinal variations in erosion as a function of glacier dynamics: Nature, v. 526, p. 100–103,
doi: 10.1038/nature15385.
11. Nygard, A., Sejrup, H.P., Haflidason, H., Lekens, W.A.H., Clark, C.D., and Bigg, G.R., 2007,
Extreme sediment and ice discharge from marine-based ice streams: New evidence from the
North Sea: Geology, v. 35, p. 395, doi: 10.1130/G23364A.1.
12. Mix, A. et al., 2003, ODP Leg 202 Initial reports (sites 1232-1235).
13. Jaeger, J.M., Nittrouer, C.A., Scott, N.D., Milliman, J.D. (1998) Sediment accumulation
along a glacially impacted mountainous coastline: north-east Gulf of Alaska. Basin Res.,
10(1): 155–173. doi:10.1046/j.1365-2117.1998.00059.x
14. Blumberg, S., Lamy, F., Arz, H.W., Echtler, H.P., Wiedicke, M., Haug, G.H., On-
cken, O. (2008) Turbiditic trench deposits at the South-Chilean active margin: A
Pleistocene–Holocene record of climate and tectonics. Earth Planet. Sci. Lett. 268: 526-539.
15. Berger, A. L. et al. (2008) Quaternary tectonic response to intensified glacial erosion in an
orogenic wedge. Nature Geosci. 1: 793–799.
16. Worthington, L.L., Gulick, S.P.S., Pavlis, T.L. (2010) Coupled stratigraphic and structural
evolution of a glaciated orogenic wedge, offshore St. Elias Orogen, Alaska. Tectonics 29:
TC6013, doi:10.1029/2010TC002723.
17. Pavlis, T.L., Chapman, J.B., Bruhn, R.L., Ridgway, K., Worthington, L.L., Gulick, S.P.S.,
Spotila, J. (2012) Structure of the actively deforming fold-thrust belt of the St. Elias orogen
with implications for glacial exhumation and 3D tectonic processes. Geosphere 8: 991-1019,
10.1130/GES00753.1.
18. Meigs, A., Sauber, J. (2000) in Glacio- seismotectonics; ice sheets, crustal deformation and
seismicity. Quat. Sci. Rev. 19, eds Stewart, I. S., Sauber, J., Rose, J., 1543–1562.
19. Tomkin, J. H., Roe, G. H. (2007) Climate and tectonic controls on glaciated critical-taper
orogens. Earth Planet. Sci. 262: 385–397.
20. Koppes, M.N., Montgomery, D.R. (2009) The relative efficacy of fluvial and glacial erosion
over modern to orogenic timescales. Nat Geosci 2: 644–647.
21. Zhang, P., Molnar, P. Downs, W.R. (2001) Increased sedimentation rates and grain sizes 2±4
Myr ago due to the influence of climate change on erosion rates. Nature 410: 891-897.
22. Molnar, P. (2004) Late Cenozoic increase in accumulation rates of terrestrial sediment: How
might climate change have affected erosion rates? Annu. Rev. Earth Planet. Sci. 32: 67–89.
23. Moore, T.C., Jr. and G. R. Heath (1977) Survival of deep-sea sedimentary sections.Earth and
Planetary Science Letters, 37, 71-89.
24. Sadler, P.M. (1981) Sediment accumulation rates and the completeness of stratigraphic
sections. J. Geology 89: 569-584.
25. Jerolmack, D.J., Sadler, P. (2007) Transience and persistence in the depositional record of
continental margins. J Geophys. Res. 112: F03S13, doi:10.1029/2006JF000555.
26. Gulick, S.P.S., Reece, R.S., Christeson, G.L., van Avendonk, H., Worthington, L.L., Pavlis,
T.L. (2013) Seismic images of the Transition fault and the unstable Yakutat-Pacific-North
American triple junction. Geology 41: 571-574.
27. Worthington, L.L., van Avendonk, H., Gulick, S.P.S., Christeson, G.L., Pavlis, T.L. (2012)
Crustal structure of the Yakutat Terrane: New constraints for understanding the evolution of
subduction and collision in southern Alaska: J. Geophys. Res. doi:10.1029/2011JB008612.
28. Lisiecki, L. E., Raymo, M. E. (2005) A Pliocene-Pleistocene stack of 57 globally distributed
benthic δ18O records. Paleoceanography 20: PA1003.
29. Clark, P. U. et al. (2006) The middle Pleistocene transition: characteristics, mechanisms, and
implications for long-term changes in atmospheric CO2 . Quat. Sci. Rev. 25: 3150–3184.
30. McClymont, E. L., Sodian, S. M., Rosell-Melé, A., Rosenthal, Y. (2013) Pleistocene sea-
surface temperature evolution: Early cooling, delayed glacial intensification, and implications
for the mid-Pleistocene climate transition. Earth Sci. Rev. 123: 173-193.
31. Reece, R.S., Gulick, S.P.S., Horton, B.K., Christeson,G.L.,Worthington, L.L. (2011) Tectonic
and climatic influence on the evolution of the Surveyor Fan and Channel system, Gulf of
Alaska. Geosphere 7: 830–844, doi:10.1130/GES00654.1.
32. Hidy, A.J., Gosse, J.C., Froese, D.G., Bond, J.D., Rood, D.H. (2013) A latest Pliocene age
for the earliest and most extensive Cordilleran Ice Sheet in northwestern Canada. Quat. Sci.
Rev. 61: 77–84, doi:10.1016/j.quascirev.2012.11.009.
33. Sadler, P.M. and D.J. Jerolmack (2014) Scaling laws for aggradation, denudation and progra-
dation rates: the case for time-scale invariance at sediment sources and sinks. Geological
Society, London, Special Publications 404-7, http://dx.doi.org/10.1144/SP404.7
34. Pedersen, V. K., and Egholm, D. L. (2013) Glaciations in response to climate variations
preconditioned by evolving topography. Nature 493: 206-210, doi:10.1038/nature11786.
35. Elliott, J., J. T. Freymueller, and C. F. Larsen (2013) Active tectonics of the St. Elias orogen,
Alaska, observed with GPS measurements. J. Geophys. Res. 118: 5625–5642, doi:10.100-
2/jgrb.50341.
36. Van Avendonk, H.J.A., Gulick, S.P.S., Christeson, G.L., Worthington, L.L., Pavlis, T.L.,
Ridgway, K.D. (2013) Subduction and accretion of sedimentary rocks in the Yakutat collision
zone, St. Elias orogen, Gulf of Alaska. Earth Planet. Sci. Lett. 381: 116-126.
37. Konstantinovskaya, E., Malavieille, J. (2011) Thrust wedges with décollement levels and
syntectonic erosion: A view from analog models. Tectonophysics 502: 336-350.
38. Rea, D., and Snoeckx, H., 1995, Sediment fluxes in the Gulf of Alaska: Paleoceanographic
record from Site 887 on the Patton-Murray Seamount platform: Proceedings of the Ocean
Drilling Program. Scientific Results, v. 145, p. 247–256.
39. Godard, V., Bourles, D.L., Spinabella, F., Burbank, D.W., Bookhagen, B., Fisher, G.B.,
Moulin, A. Leanni, L. (2014) Dominance of tectonics over climate in Himalayan denudation.
Geology 42: 243-246.
40. Scherler, D., Bookhagen, B., Strecker,M. R. (2014) Tectonic control on 10Be-derived erosion
rates in theGarhwalHimalaya, India. J. Geophys. Res. 119: 83-105. doi:10.1002/2013JF002955
41. Jaeger, J.M., Gulick, S.P.S., LeVay, L.J., Asahi, H., Bahlburg, H., Belanger, C.L., Berbel,
G.B.B., Childress, L.B., Cowan, E.A., Drab, L., Forwick, M., Fukumura, A., Ge, S., Gupta,
S.M., Kioka, A., Konno, S., März, C.E., Matsuzaki, K.M., McClymont, E.L., Mix, A.C., Moy,
C.M., Müller, J., Nakamura, A., Ojima, T., Ridgway, K.D., Rodrigues Ribeiro, F., Romero,
O.E., Slagle, A.L.,Stoner, J.S., St-Onge, G., Suto, I., Walczak, M.H., and Worthington,
L.L., 2014. Methods. In Jaeger, J.M., Gulick, S.P.S., LeVay, L.J., and the Expedition 341
Scientists, Proc. IODP, 341: College Station, TX (Integrated Ocean Drilling Program).
doi:10.2204/iodp.proc.341.102.2014
42. Davies, M. H., Mix, A. C., Stoner, J. S., Addison, J. A., Jaeger, J., Finney, B., & Wiest, J.
(2011). The deglacial transition on the southeastern Alaska Margin: Meltwater input, sea
level rise, marine productivity, and sedimentary anoxia. Paleoceanography, 26(2).
43. Blaauw, M. and J.A. Christen (2011) Flexible paleoclimate age-depth models using an
autoregressive gamma process. Bayesian Analysis, 6/3, 457-474.
44. Risley, D.E., Martin, G.C., Lynch, M.B., Flett, T.O., Larson, J.A., Horowitz, W.L. (1992)
Geologic report for the Gulf of Alaska planning area, OCS Report MMS 92-0065, ed Turner,
R.F. (US Dept Interior, Minerals Management Service, Anchorage), Appendices B-F.
45. Elverhøi, A., Andersen, E.S., Dokken, T., Hebbeln, D., Spielhagen, R., Svendsen, J.I.,
Sørflaten, M., Rørnes, A., Hald, M., Forsberg, C.F. (1995) The growth and decay of the Late
Weichselian ice sheet in western Svalbard and adjacent areas based on provenance studies of
marine sediments. Quat. Res. 44:303–316. doi:10.1006/qres.1995.1076.
46. Manley, W., Kaufman, D.S. (2002). Alaska Paleoglacier Atlas (Inst. Arct. Alp. Res. Univ.
Colorado, Boulder). http://instaar.colorado.edu/QGISL/ak paleoglacier atlas/
47. Stroeven, A.P., Fabel, D., Codilean, A.T., Kleman, J., Clague, J.J., Miguens-Rodriguez, M.,
Xu, S. (2010) Investigating the glacial history of the northern sector of the Cordilleran Ice
Sheet with cosmogenic 10Be concentrations in quartz. Quaternary Sci. Rev. 29: 3630–3643.
48. Davies-Walczak, M., Mix, A., Stoner, J., Southon, J., Cheseby, M., & Xuan, C. (2014) Late
Glacial to Holocene radiocarbon constraints onNorth Pacific IntermediateWater ventilation
and deglacial atmospheric CO2 sources. Earth Planet. Sci. Lett. 397: 57-66.
Acknowledgements.
Expedition 341was carried out by the IntegratedOceanDrilling Program
(IODP). We thank the IODP-USIO, captain and crew of the D/V JOIDES
Resolution. B. Horton, E. Screaton, P. Koons, and anonymous reviewers are
thanked for their reviews. This is UTIG Contribution #2812.
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
6 www.pnas.org --- --- Footline Author
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
Submission PDF
Expedition 341 was carried out by the Integrated Ocean Drilling Program (IODP). We thank
the IODP-USIO, captain and crew of the D/V JOIDES Resolution. B. Horton, E. Screaton, P.
Koons, and anonymous reviewers are thanked for their reviews. This is UTIG Contribution
#2812.817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
Footline Author PNAS Issue Date Volume Issue Number 7
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
